M
y involvement with fish physiology at the Mount Desert Island Biological Laboratory (MDIBL) on the coast of Maine began with a sabbatical leave from Yale in 1964 to work in Oxford, England, with Ronald Whittam on Na-K-ATPase, the membrane-bound enzyme described by Skou in homogenates of crab nerves. At the time, the role of this enzyme in transepithelial transport of sodium (as opposed to reciprocal transfer of Na and K across the plasma membrane of individual cells) was not established.
Fish presented a wonderful opportunity, because transport of NaCl across the gill and intestinal mucosa of bony fish was known to increase greatly when they were transferred from fresh to salt water. Moreover, in elasmobranchs (sharks and rays), the rectal gland was devoted to secreting excess salt into the rectum. At MDIBL, we showed in eels that the Na-K-ATPase of gills and intestinal mucosa increased when they were transferred from fresh to sea water, as predicted from the known changes in salt transport across these membranes. The rectal gland of the spiny dogfish shark (Squalus acanthias) had the highest concentration of Na-K-ATPase of any organ ever measured.
In July 1975, Jeffrey Stoff made a momentous discovery. Before coming to work with Patricio Silva and me as a fellow in nephrology at Harvard and Beth Israel Hospital in Boston, he had been at the National Institutes of Health with Joseph Handler, where the role of adenylate cyclase and cyclic adenosine monophosphate (cAMP) in the action of posterior pituitary antidiuretic hormone was being explored. He found in the isolated rectal gland of dogfish that the active secretory process was turned on by the intracellular messenger cAMP. After that, the mechanisms responsible for secretion of chloride were quickly dissected. Chloride was 'actively' secreted by the gland against its electrochemical gradient, while the movement of sodium from blood to duct was probably 'passive' in that the opposing chemical gradient was more than balanced by a favoring electrical gradient. Inhibition of Na-K-ATPase by the addition of ouabain to the perfusion fluid blocked secretion almost completely, as did the addition of furosemide or thiocyanate. The intracellular concentration of Cl -exceeded that predicted by the Nernst equation by a wide margin. These facts suggested that Cl -was actively transported into the rectal gland cell across its basolateral border together with Na + in a way linked to the movement of Na + down its own electrochemical gradient into the cell. The movement of Cl -into the cell depended on the maintenance of a low intracellular concentration of Na + by the Na-K-ATPase pump. Cl -could then be extruded across the apical surface of the cell into the lumen by electrical forces. Dr. Michael Field suggested that the cotransport of Cl with Na across the basolateral membrane might be accomplished by a carrier analogous to those responsible for the cotransport of glucose or amino acids together with Na across the mucosal borders of intestinal cells.
The application of this seminal idea to the active secretion of Cl -from blood to lumen by tubules of the rectal glands and, by extension, to other epithelial tissues characterized by Clsecretion, as well as to the active reabsorption of Cl -by the thick ascending limb of the mammalian nephron, was enormously satisfying. It established the shark rectal gland as a model of secondary active transport in epithelial secretion, in which neurohormonal control, second messenger interactions, and the molecular characteristics of membrane transporters themselves could be studied with ease. The coupling of Na + with Cl -in the phenomenon of secondary active transport of Cl -was a particularly satisfying explanation of the heretofore mystifying behavior of the thick ascending limb of Henle's loop in reabsorbing NaCl avidly from tubular urine in the renal medulla.
With the discovery that rectal gland secretion could be stimulated by the second messenger cAMP, the next question was: what was the first messenger? Our first attempts to answer this (in 1975) to have an action on mammalian kidneys, with no success. Finally, we realized that the rectal gland was an appendage of the intestine, so hormones known to stimulate intestinal secretion in mammals might act on this organ. In 1976, vasoactive intestinal peptide (VIP) (suggested by Jeffrey Stoff) was found to increase chloride secretion by 500%. We had stumbled on the first messenger.
At first we wondered if VIP circulating in the bloodstream as a hormone was responsible for turning on the gland. Immunoreactive VIP was indeed present in shark plasma, but its concentration failed to rise when the blood volume was expanded by saline infusions and rectal gland secretion increased. It was known, however, that VIP functioned as a neurotransmitter in other animals. With the help of Seymour Reichlin and his colleague Ron Lechan, immunoreactive VIP was demonstrated in rectal gland nerves. Following up on the suggestion of David Erliq and Robert Rubio, who had induced glandular secretion at MDIBL by injecting veratrine (an alkaloid long used to depolarize nerves), we showed that perfusion with veratrine not only stimulated isolated rectal glands to secrete salt but also released VIP into the venous effluent. Isolated rectal gland cells, devoid of neural elements, were not stimulated by veratrine. A neural pathway for stimulation thus seemed established.
By 1981, the big question remained: how does the shark turn on its own rectal gland? Richard Solomon attacked that question in a brilliant and classic experiment. After a dogfish was immobilized by pithing, the rectal gland duct was catheterized via the luminal pore in its everted rectal mucosa, and the dorsal aorta catheterized by percutaneous puncture. A second rectal gland excised from another shark was then perfused continuously in isolation with blood led from the aorta of the first shark. When the blood volume of the first shark was expanded by a saline infusion, the explanted, isolated gland started to secrete! The message was obviously blood-borne, since the only connection between the intact shark and the isolated gland was the circulating blood.
When synthetic atriopeptin became available in 1984, we injected it into isolated perfused rectal glands and promptly induced secretion. The shark heart was shown to contain electron-dense granules identical to those De Bold had earlier described; in the shark these were present in the single ventricle as well as in the atrium. Extracts of shark heart were even more potent in evoking secretion than recombinant rat atriopeptin. Richard Solomon later showed that isolated perfused shark hearts released an immunoreactive cardiopeptide when they were distended.
Subsequently, it became apparent that atrial natriuretic peptide was a member of a large family of cardiac peptides. The shark form of cardiac natriuretic peptide, closely resembling the C-type cardiac natriuretic peptide present in humans, released VIP from nerves innervating the shark rectal gland. In addition, it stimulated secretion through a cascade of cellular second messengers that, unlike VIP, did not involve adenylate cyclase and cAMP, but rather protein kinase C and cGMP. Both pathways of stimulation appeared to enhance each other and shared a final common step-the opening of a luminal Cl -channel associated with the membrane-bound cystic fibrosis transmembrane conductance regulator (CFTR) protein.
For a physician interested in clinical nephrology, the time spent at MDIBL has been extraordinarily valuable. It has helped me think more clearly about the pathophysiology of disease. For example, somatostatin inhibits the secretion of Cl -by the shark rectal gland. Since it turns out that the renal cysts of polycystic kidney disease expand slowly by a process of active chloride secretion, entirely similar to that used by the shark rectal gland, why not use a long-acting somatostatin to slow the rate of growth of cysts in patients with polycystic kidney? 5 The informal atmosphere of the place encourages easy communication and the generation of new ideas among scientists in different disciplines. Finally, firsthand experience at the bench imparts an appreciation of the inherent variability of laboratory measurements and a healthy skepticism about the immutability of laboratory reports.
